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Magnetic F i e l d s :  Reasons f o r  S imula t ion  and Methods Ava i l ab le  

Norman F. N e s s  
NASAlGoddard Space F l i g h t  C e n t e r  I n t r o d u c t i o n  

Magnetic f i e l d s  a r e  among t h e  m o s t  u b i q u i t o u s  of p h y s i c a l  

0 '  phenomenon s t u d i e d  by man. They are important  on an atomic 

l e v e l  i n  which magnetic f i e l d  s t r e n g t h s  of thousands of gauss  are 

0, employed i n  t h e  s t u d y  of atomic s t r u c t u r e .  I n  cosmic p h y s i c s  

s t e l l a r  magnetic f i e l d s  of t e n s  and hundreds of gauss  are 

impor tan t  f a c t o r s  c o n t r o l l i n g  t h e  p h y s i c a l  phenomenon observed .  

I n  laterstellar and i n  i n t e r p l a n e t a r y  space magnetic f i e l d s  of 

less than  gauss  are important  i n  determining t h e  motion of 

charged  p a r t i c l e s  and i n  t h e  dynamics of t h e  i n t e r s t e l l a r  and 

i n t e r p l a n e t a r y  medium. The major p o r t i o n  of t h i s  t a l k  is t o  

be d i r e c t e d  towards a d e s c r i p t i o n  of t h e  p r e s e n t  s p a t i a l  

environment of t h e  E a r t h  wi th  r e s p e c t  t o  magnetic f i e l d s .  

Following t h e  d e s c r i p t i v e  a s p e c t s  of t h e  magnetic f i e l d  as observed  

by s a t e l l i t e  and space  probes ,  t h e  q u a n t i t a t i v e  r e p r e s e n t a t i o n  

of t h e s e  f i e l d s  w i l l  be g iven .  F i n a l l y  a d e s c r i p t i o n  of t h e  

p r e s e n t l y  a v a i l a b l e  systems t o  s i m u l a t e  t h e  magnetic f i e l d s  i n  

space  w i l l  be reviewed and the m o s t  r e c e n t  l a r g e  scale f a c i l i t y  

f o r  such work d i s c u s s e d  

The l a s t  s e c t i o n  of t h e  paper d e a l s  w i th  e n g i n e e r i n g  

a p p l i c a t i o n s  of ou r  knowledge of t h e  e a r t h ' s  magnetic f i e l d  i n  

v a r i o u s  s a t e l l i t e  programs. C e r t a i n  of t h e s e  a p p l i c a t i o n s  are 

q u i t e  unique and r e p r e s e n t  some of t h e  r e a s o n s  f o r  n e c e s s i t a t i n g  

s i m u l a t i o n  of magnetic f i e l d s  a s  observed i n  space .  The u n i t  of 

magnetic f i e l d  f o r c e  as commonly u s e d  i n  geomagnetism is the 
-5 

gamma (equal  t o  10 Gauss) .  On t h i s  scale a c u r r e n t  of one 
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mil l iampere  f lowing  i n  a n  i n f i n i t e l y  long  w i r e  creates a 

magnetic f i e l d  whose s t r e n g t h  is 20 gammas a t  a d i s t a n c e  

of one cen t ime te r .  

There a r e  a number of s c i e n t i f i c  r e a s o n s  f o r  mapping t h e  

magnetic 

1. 

2. 

3. 

f i e l d  environment of t h e  e a r t h .  These inc lude :  

I n v e s t i g a t i o n  of s e c u l a r  changes and t h e  p r e s e n t  

s t a t e  so as t o  determine t h e  sources of t h e  geomagnetic 

f i e l d  and t h e  i n t e r p l a n e t a r y  magnetic f i e l d  s t r u c t u r e ;  

l b s t u d y  and ana lyse  charged p a r t i c l e  motion which 

r e q u i r e s  a knowledge of t h e  geomagnetic and i n t e r -  

p l a n e t a r y  magnetic f i e l d s ,  and 

To determine t h e  t i m e  v a r i a t i o n s  of t h e s e  f i e l d s  

and t h e i r  c o r r e l a t i o n  w i $ h  a u r o r a l  phenomenon, and 

s o l a r  a c t i v i t y .  

I n  o rde r  t o  s u c c e s s f u l l y  map t h e  magnetic f i e l d s  i n  space  

i t  is necessary  t o  perform d i r e c t  measurements of t h e  magnetic 

f i e l d  from s a t e l l i t e s  and space  probes .  Thus they  r e p r e s e n t  

p o r t a b l e  l a b o r a t o r y  p l a t f o r m s  upon which in s t rumen t s  s e n s i t i v e  

t o  magnetic f i e l d s  a r e  p l aced .  One of t h e  pr imary eng inee r ing  

r e a s o n s  f o r  s i m u l a t i n g  magnetic f i e l d s  i n  space  is t o  tes t  and 

c a l i b r a t e  t h e  magnetometer s e n s o r s  which w i l l  be used  t o  d i r e c t l y  

measure magnetic f i e l d s  i n  space .  A second o b j e c t i v e  is t o  

a l l o w  a measurement of t h e  magnetic p r o p e r t i e s  of s a t e l l i t e  and 

space probes to  de te rmine :  

* -  
I 

% 
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1. T h e i r  contaminat ing  o r  no ise  e f f e c t s  on magnetic 

f i e l d  measurements made by magnetometers on board 

t h e  same s p a c e c r a f t ,  

i 2. To determine  t h e  dynamic i n t e r a c t i o n  of t h e  moving 

and p o s s i b l y  sp inning  s p a c e c r a f t  w i t h  magnetic f i e l d s ,  

p r i n c i p a l l y  t h e  earth*s f i e l d  and 

3. To a l l o w  t h e  t e s t i n g  of  s p e c i f i c  o r i e n t a t i o n  and 

a t t i t u d e  c o n t r o l  and s p i n  producing subsystems which 

employ the geomagnetic f i e l d  f o r  magnetic t o rque  

i n t e r a c t i o n s  and/or d i r e c t i o n a l  information.  

As m o r e  is l e a r n e d  about  t h e  magnetic f i e lds  i n  space  m o r e  

s o p h i s t i c a t e d  u s e  in a n  engineer ing  s e n s e  can be made of t h i s  

v a l u a b l e  information.  The p r i n c i p a l  techniques  of s i m u l a t i n g  

t e r r e s t r i a l l y  t h e  w e a k  magnetic f i e l d s  which ex is t  i n  space  employ 

l a r g e  c u r r e n t  c a r r y i n g  co i l  s y s t e m s  which g e n e r a t e  s t e a d y  

magnetic f i e l d s  c a n c e l i n g  tihe earth's f i e l d  over  a small volume. 

R e s u l t s  of Magnetic F i e l d  Measurements i n  Space 

A number of satellites c a r r y i n g  magnetometers have been 

launched by both t h i s  coun t ry  and t h e  USSR. 

satell i tes measuring p r i n c i p a l l y  t h e  e a r t h ' s  magnetic f i e l d  is 

shown i n  F igu re  1. In gene ra l  t he  l i f e  t i m e  o f  t h e s e  sa te l l i tes  

h a s  been i n d i v i d u a l l y  l i m i t e d  as shown i n  F igu re  2, summarizing 

t r a j e c t o r y  c h a r a c t e r i s t i c s  p e r t i n e n t  t o  mapping of t h e  earth's 

magnetic f i e l d .  A very  limited number of space  probes  have 

i n v e s t i g a t e d  t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  In o r d e r  t o  

measure t h e  p r o p e r t i e s  of t h e  i n t e r p l a n e t a r y  medium, undisturbed 

A summary of t h o s e  

- 3  
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by t h e  presence of t h e  E a r t h , i t  is necessa ry  t o  perform 

measurements a t  a c o n s i d e r a b l e  d i s t a n c e  from t h e  s u r f a c e  of 

t h e  e a r t h .  The i n t e r a c t i o n  of t h e  s o l a r  plasma r e s u l t i n g  from 

t h e  expanding s o l a r  corona r e q u i r e s  t h a t  t h e s e  measurements be 

performed a t  l e a s t  80,000 Km from t h e  e a r t h  nea r  t h e  s u b s o l a r  

p o i n t  and a t  a cons ide rab ly  l a r g e r  d i s t a n c e  away from t h i s  

r e g i o n .  A s  shown i n  F igure  3 t hose  s a t e l l i t e s  which have 

performed measurements of t h e  i n t e r p l a n e t a r y  f i e l d  were q u i t e  

Limited e i t h e r  i n  accuracy  o r  i n  measuring o n l y  a l i m i t e d  

c h a r a c t e r i s t i c  of t h e  f i e l d  and n o t  t h e  complete v e c t o r  m%petic 

f i e l d .  

1 

A r e p r e s e n t a t i v e  sample of t h e  r e s u l t s  of measurements i n  

wace confirming t h e  g e n e r a l  c h a r a c t e r i s t i c s  of t h e  d i p o l a r  

geomagnetic f i e l d  is shown i n  F igu re  4. The Bxplorer  X s a t e l l i t e  

c a r r i e d  a rubidium vapor magnetometer and performed s u c c e s s f u l  

measurements of t h e  ear thOs  magnetic f i e l d  from 2 t o  7 + (Ear th  

r a d i i )  i n  March 1961. I n  F igu re  4 are summarized both t h e  d i r e c t  

measurements and t h e  d i f f e r e n c e s  between t h e  o b s e r v a t i o n s  and 

t h e  t h e o r e t i c a l  f i e l d  v a l u e s  p r e d i c t e d  by e x t r a p o l a t i o n  Using 

s p h e r i c a l  harmonic a n a l y s e s  of t h e  s u r f a c e  terrestr ia l  f i e l d .  

I t  is seen  t h a t  t he  d e v i a t i o n s  are q u i t e  s m a l l  and r e p r e s e n t  less  

t h a n  5 percen t  of t h e  ambient f i e l d .  However, t h e s e  s m a l l  

d e v i a t i o n s  of t h e  e a r t h ' s  magnetic f i e l d  are ext remely  impor tan t  

i n  t h i s  r eg ion  of space .  

d i s t a n c e  range t h a t  t h e  t rapped  charged p a r t i c l e  f l u x e s  a r e  

2 

-- 

---. -_ 

I t  is p r e c i s e l y  w i t h i n  t h i s  rad ia l  
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3 
observed t o  r each  t h e i r  peak i n t e n s i t i e s .  The d e v i a t i o n s  

observed,  as i l l u s t r a t e d  i n  F igure  4;'are c o n s i s t a n t  wi th  

t h e  magnetic e f f e c t s  of charged p a r t i c l e  s p i r a l  and d r i f t  

c -  

' I  

. 
d motion i n  Lhe e a r t h ' s  magnetic f i e l d .  A t  t h e  p r e s e n t  t i m e  

d e t a i l e d  models of t h e  p a r t i c l e  belts are be ing  developed as 

m o r e  r e f i n e d  i n s t r u m e n t a t i o n  pe rmi t s  i n v e s t i g a t i o n  of t h e  

s p e c t r a l  and p i t c h  ang le  d i s t r i b u t i o n s  of e n e r g e t i c  p a r t i c l e s  

w i t h i n  t h e  b e l t s .  
4 

A s u b s t a n t i a l l y  d i f f e r e n t  r e s u l t  i n  measuring t h e  

e a r t h ' s  magnetic f i e l d  r e s u l t s  when one c o n s i d e r s  F i g u r e  5. 

The magnetic f i e l d  r e s u l t s  as ob ta ined  on t h e  IMP-1 sa te l l i t e  
5 

are shown near  t h e  s u b s o l a r  p o i n t .  I t  is seen  t h a t  t h e  e a r t h ' s  

magnetic f i e l d  agrees reasonab ly  w e l l  w i th  that p r e d i c t e d  by 

s p h e r i c a l  harmonic a n a l y s i s  u n t i l  a d i s t a n c e  of 7 or  8 Re is 

reached.  Beyond t h i s  p o i n t  t h e  observed f i e l d  becomes i n c r e a s i n g l y  

s t r o n g e r  u n t i l  a d i s t a n c e  of 10.7 Re is  reached.  A t  t h i s  p o i n t  

t h e  measured magnitude of t h e  f i e l d  is approximate ly  t w i c e  t h a t  

p r e d i c t e d  by t h e o r e t i c a l  a n a l y s i s .  Subsequent t o  t h i s  p o i n t  on 

t h e  t r a j e c t o r y  t h e  f i e l d  a b r u p t l y  drops  t o  l o w  and f l u c t u a t i n g  

v a l u e s .  T h i s  c h a r a c t e r i s t i c  abrupt  dec rease  of t h e  e a r t h ' s  

magnetic f i e l d  fo l lowing  a gradual  b u t  s i g n i f i c a n t  i n c r e a s e  i n  
I 

- magnetic is i d e n t i f i e d  as a boundary of t h e  e a r t h ' s  magnetic 

f i e l d .  I t  is due t o  t h e  f low of s o l a r  plasma much i n  t h e  f a s h i n n  

sugges ted  by Chapman-Ferraro more t h a n  30 y e a r s  t o  e x p l a i n  

t r a n s i e n t  v a r i a t i o n s  of t e r r e s t r i a l  f i e l d s  fo l lowing  solar 

a c t i v i t y .  

6 
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A naive and s i m p l i f i e d  approximation t o  t h e  ve ry  complex 

i n t e r a c t i o n  of t h e  solar plasma impact ing t h e  e a r t h : s  

magnetic f i e l d  is shown i n  F igu re  6. Here s p e c u l a r  r e f l e c t i o n  
- L  

1 

from t h e  boundary of t h e  e a r t h ' s  magnetic f i e l d  is assumed 

f o r  t h e  ind iv idua l  p a r t i c l e  t r a j e c t o r i e s .  Within t h i s  

bounding reg ion  t h e  dominant magnetic f i e l d  is t h a t  of t h e  

e a r t h ' s  and t h e  d i s t o r t i o n  of t h e  geomagnetic S i e l d  by C u r r e n t s  

on t h e  con ta in ing  boundary. T h i s  r e g i o n  of space  h a s  been 

r e f e r r e d  to as t h e  magnetosphere by Gold s i n c e  t h e  motion of 
7 

charged  p a r t i c l e s  is comple te ly  dominanted by t h e  e a r t h ' s  

magnetic f i e l d .  On t h e  assumption of d i r ec t  impact of t h e  

solar  plasma on t h e  e a r t h ' s  magnetic f i e l d ,  t h e  s t a n d  o f f  

d i s t a n c e  of t h e  boundaryydepending upon t h e  s o l a r  plasma 

momentum f lux  and geomagnetic f i e l d  s t r e n g t h ,  can be p r e d i c t e d .  

F i g u r e  7 summarizes a parameter d i s t r i b u t i o n  of s tand-of f  

d i s t a n c e s  as  a f u n c t i o n  of p a r t i c l e  d e n s i t i e s  and e n e r g i e s .  

I n  o r d e r  to conve r t  from t h e s e  v a l u e s  t o  f l u x e s  one m u l t i p l i e s  

p a r t i c l e  d e n s i t y  b y  t h e  e q u i v a l e n t  p ro ton  ve loc i ty . ,  The f l u x e s  

be ing  d i scussed  have been measured by space  probes  and 

s a t e l l i t e s , b u t  t h i s  paper  does no t  i n t e n d  t o  rev iew t h i s  material .  

I n t e r e s t e d  readers a r e  r e fe renced  t o  t h e  p a p e r s  by Snyder and 

Neugebauer, 1963: B o n e t t i  e t  a l ,  1963; and Bridge e t  a l .  1964. 
8 9 1 0  

The observed d i s t a n c e  of 10 .7  Be and e s t i m a t e d  plasma v e l o c i t i e s  

of 300 t o  700 K m / s e c  l e a d s  t o  plasma d e n s i t i e s  of 1 t o  10  p r o t o n s  

p e r  cubiccent i imeter .  A g e n e r a l  summary of t h e  p r e s e n t  f i e l d  
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environment i l l u s t r a t i n g  the r e l a t i v e  p o s i t i o n  of the r a d i a t i o n  

- -  b e l t s  i n  t h e  magnetosphere is shown i n  f i g u r e  8 .  T h i s  
.) 

i l l u s t r a t i o n  also shows the  p o s i t i o n  i n  which t h e  Explorer  X 

s a t e l l i t e  probe mapped the magnetic f i e l d  of t h e  earth and 

detected on ly  s m a l l  d i f f e r e n c e s  between theoretical and observed 
d 

magnetic f i e l d s . ,  i 

The r e s u l t s  of t h e  IMP-1 magnetic f i e l d  experiment  f o r  o u t  

bound o r b i t  number 15 is shown i n  F igure  9. The s i m i l a r  

c h a r a c t e r i s t i c  of a gradual  i nc rease  i n  t h e  s t r e n g t h  of the  

observed  f i e l d  , over  and above t h a t  p red ic t ed ,  is c l e a r l y  seen .  

Beyond t h i s ,  a r eg ion  of r a p i d l y  f l u c t u a t i n g  and low magnetic 

f i e l d  s t r e n g t h  is observed t o  extend 

Beyond t h i s  d i s t a n c e  t h e  magnetic f i e l d  is reasonably  s teady and 

t o  a d i s t a n c e  of 23.1 Re., 

s t a b l e  i n  o r i e n t a t i o n .  W e  i d e n t i f y  t h i s  abrupt  temina t ion  of 

t h e  f l u c t u a t i n g  or t u b u l e n t  region as a c o l l i s i o n l e s s  
11 

magnetohydrodynamic shock wave a s s o c i a t e d  w i t h  the  i n t e r a c t i o n  

of t h e  s o l a r  plasma with the  earth's magnetic f i e l d .  Our 

p r e s e n t  unders tanding  of t h i s  phenomenon is p r i n c i p a l l y  based 
12 

upon an analogy wi th  high speed  g a s  dynamics. I n  a f l u i d ,  

d i s t u r b a n c e s  can be propagated a t  a s e n s i b l e  v e l o c i t y  

c h a r a c t e r i s t i c  of t h e  medium. I n  g a s  dynamics it is t h e  

a c o u s t i c  v e l o c i t y  while  i n  magnetohydrodynamics i n  which ion ized  

gases  are i n  motion t h e  appropr i a t e  v e l o c i t y  is t h e  Alfvgn speed. 

T h i s  is shown i n  f i g u r e  10 as a f u n c t i o n  of p a r t i c l e  d e n s i t y  and 

. 

magnetic f i e l d  s t r e n g t h .  
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The average magnetic f i e l d  s t r e n g t h  i n  i n t e r p l a n e t a r y  
. -  13 

space  has  been measured t o  be approximate ly  5 gammas wi th  extreme 

v a l u e s  between ly and 1Oy P a r t i c l e  d e n s i t i e s  between 1 

and 10 p ro tons  p e r  cm3 lead t o  an Alfven v e l o c i t y  i n  g e n e r a l  

less  than  100 Km/sec. D i r e c t  measurements of t h e  plasma 

v e l o c i t i e s  i n  i n t e r p l a n e t a r y  space  i n d i c a t e  v e l o c i t i e s  on t h e  

order of 400 K m / s e c .  or more, and t h u s  t h e  f low of solar  plasma 

is s u p e r  Al fvenic  wi th  r e s p e c t  t o  t h e  p ropaga t ion  of 

c h a r a c t e r i s t i c  d i s t u r b a n c e s  i n  t h e  medium. On t h i s  b a s i s  

t h e  i n t e r a c t i o n  of t h e  e a r t h ' s  magnetic f i e l d  wi th  t h e  solar  

p la sma  becomes much l i k e  t h a t  of a blunt o b j e c t  i n  supe r son ic  

g a s  f low i n  which a de taahed  shock wave p receeds  t h e  body. I t  

is sepa ra t ed  from t h e  o b s t r u c t i n g  a r t i c l e ,  which i n  t h i s  case I s  

t h e  magnetosphere boundary and n o t  t h e  e a r t h ' s  s u r f a c e .  A 

summary of t h e  magnetic f i e l d  environment of t h e  e a r t h  i n  cis-. 

l u n a r  space is shown i n  f i g u r e  11. Th i s  is based upon t h e  f i r s t  

1 9  o r b i t s  of t h e  IMP-1 satel l i te ,  which is t h e  f i r s t  s a t e l l i t e  

t o  have performed d e t a i l e d  and a c c u r a t e  measurements of bo th  t h e  

magnetosphere boundary and t h e  c o l l i o n l e s s  shock boundray. 

, 

/ -. 

1 

Three r e g i o n s  of s p a c e ,  

1. Magnetosphere 

2 .  Turbulen t  Boundary l a y e r  and 

3 I n t e r p l a n e t a r y  medium 

are r e p r e s e n t a t i v e  of t h e  c h a r a c t e r i s t i c  a s p e c t s  of magnetic 

f i e l d s  which must be s imula t ed  on t h e  s u r f a c e  of t h e  e a r t h .  / T h e  
c 

! important  conc lus ion  deduced from t h e s e  d a t a  is t h a t f v e r y  weak 

I 
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magnet ic  f i e l d s  are observed i n  space and must be s imula t ed  
r' - _  on t h e  s u r f a c e  of t h e  e a r t h .  I n  a d d i t i o n  it a l so  i m p l i e s  

I 

* 
t h a t  the  " p o r t a b l e  l a b o r a t o r y  bench" upon which magnetometer 

s e n s o r 6  are p laced  must be v e r y  c l e a n  i n  t h e  magnetkc s e n s e  

so  t h a t  a c c u r a t e  measurements w i l l  be performed. 

geomagnetic F i e l d  Represen ta t ion  

- 
r' 

I n  a r e g i o n  of space  con ta in ing  no s o u r c e s  of magnetic 

f l u x  t h e  magnetic v e c t o r  F is  d e r i v a b l e  from a p o t e n t i a l  V 

which is a s o l u t i o n  of Lap lace ' s  equa t ion .  I n  a s p h e r i c a l  

c o o r d i n a t e  system ( R ,  8, Q, ) r e p r e s e n t  g e o c e n t r i c  d i s t a n c e ,  

c o l a t i t u d e  and long i tude  eas t  of Greenwich. The p o t e n t i a l  V 

can  be r e p r e s e n t e d  i n  t e r m s  of a series of s p h e r i c a l  harmonic 

f u n c t i o n  a s  

i n  which 

a,= 6371.2 k i l o m e t e r s  equ iva len t  r a d i u s  of a s p h e r i c a l  E a r t h  

'n 
m 

= t h e  p a r t i a l l y  normalized a s s o c i a t e d  Legendre polynomials 

i n t roduced  by Schmidt and  u t i l i z e d  i n  c lass ica l  

geomagnetism. 
1 4  

m m 
Gn H = harmonic c o e f f i c i e n t s  f o r  s o u r c e s  i n t e r n a l  t o  

n 
s p h e r i c a l  s u r f a c e  (R =Re) wi th  t h e  dimensions of 

magnet ic  force 
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- m m  
, Rn Gn = t h e  harmonic c o e f f i c i e n t s  f o r  s o u r c e s  e x t e r n a l  

t o  t h e  s p h e r i c a l  s u r f a c e  (R = Re)with t h e  - r  
dimensions of magnetic f o r c e .  

A 
From t h e  p o t e n t i a l  r e p r e s e n t a t i o n  t h e  magnetic f i e l d  F is 

d e r i v a b l e  as  the  nega t ive  g rad ien t ,  F = -grad V, which y i e l d s  

s t r a i g h t  forwardly t h e  X ,  Y and Z or southward, eastward and r a d i a l l y  

outward components of  t h e  e a r t h ' s  magnetic f i e l d .  Other  

d 

A 

e lements  common i n  geomagnetic f i e l d  a n a l y s e s  are t h e  h o r i z o n a l  

a n d  v e r t i c a l  components and decl inat ion of t h e  magnetic f i e l d .  

There e x i s t  a t  p r e s e n t  10 s e t s  of  s p h e r i c a l  harmonic 

c o e f f i c i e n t s  f o r  t h i s  a n a l y t i c  r e p r e s e n t a t i o n ,  a l l  d i f f e r i n g  

s l i g h t l y ,  

G and H) b u t  D e c O m e  v e r y  impor tan t  a t  s a t e l l i t e  a l t i t u d e s  

15 
I n  general  6 and fi are s m a l l  (of t h e  order less than  3% of 

greater  than 5 R e .  

The f a m i l i a r  approximation t o  t h e  e a r t h ' s  magnetic f i e l d  

u t i l i z i n g  a cen te red  d i p o l e  is based on t h e  fo l lowing  v a l u e s  

of harmonic c o e f f i c i e n t s :  

= 30470 gammas 
G1 

Gll = 3030 gammas and H 45770 1 

Using o n l y  these t e r m s  t h e  observed m a g n e t i c  f i e l d  can  be 

p r e d i c t e d  wi th in  an  accuracy  of  87 t o  91  p e r  c e n t  at g e o c e n t r i c  

d i s t a n c e s  of up t o  s e v e r a l  e a r t h  r a d i i .  These v a l u e s  of 

c o e f f i c i e n t s  correspond t o  a c e n t e r e d  d i p o l e  t i t l e d  12' w i th  

r e s p e c t  t o  t h e  e a r t h ' s  r o t a t i o n a l  a x e s  and a t  a l o n g i t u d e  

297.70 east of Greenwich wi th  a n  e q u i v a l e n t  s u r f a c e  magnetic f i e l d  
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a t  t h e  equator  of 31,159 gammas. This  is ob ta ined  from Ves t ine ' s  
_ *  model A f o r  1955 which is t h e  best of a l l  s imple d i p o l e  

c o e f f i c i e n t s .  I t  is p o s s i b l e  t o  r e p r e s e n t  t h e  e a r t h ' s  magnetic 
. 
W f i e l d  by an e c c e n t r i c  d i p o l e  which improves upon t h e  accuracy  

and u t i l i z e s  t h e  f i r s t  e i g h t  c o e f f i c i e n t s  i n  a s p h e r i c a l  

harmonic expansion.  I n  t h i s  r e p r e s e n t a t i o n  the  c e n t e r e d  d i p o l e  

is r e p l a c e d  by a d i p o l e  d i sp l aced  from t h e  c e n t e r  of t h e  e a r t h  

0 
= 8.1 e n  

ip = 275.4OE 
n 

by 436 k i lome te r s  and i n t e r s e c t i n g  t h e  s u r f a c e  of t h e  

a t  

es= 1 6 5 . 6 ~  

ip = 1 2 0 . 4 O ~  
S 

e a r t h  

U s e  of t h i s  r e p r e s e n t a t i o n  y i e l d s  a c c u r a c i e s  of t h e  o r d e r  of 

90-965& f o r  a l t i t u d e s  less than  s e v e r a l  Re. 

c u r r e n t  s t u d e n t s  of t h e  geomagnetic f i e l d  have used  c o e f f i c i e n t  

A t  p r e sen t  most 

se t s  w i t h  less than  or equal  t o  63 e l e m e n t s  cor responding  t o  

n and m being less than 6 (one except ion u t i l i z e d  512 

c o e f f i c i e n t s ) .  However, t h e  impact of t h e  s o l a r  wind l e a d s  

t o  a d i s t o r t i o n  of t h e  e a r t h ' s  f i e l d  which a t  g e o c e n t r i c  

d i s t a n c e s  g r e a t e r  than 5 R e  
. 

c o n t r i b u t e s  a s i g n i f i c a n t  p o r t i o n  

Of t h e  observed magnetic f i e l d .  Th i s  h a s  been s t u d i e d  by 

Beard and Mead t o  determine t h e  c o n t r i b u t i o n  of t h e  e x t e r n a l  

- -  
16 

sources  t o  t h e  magnetic f i e l d  i n t e r i o r  t o  t h e  magnetosphere.  

They used a c e n t e r e d  d i p o l e  approximation w i t h  an e q u a t o r i a l  

f i e l d  s t r e n g t h  of 31,000 gammas and assumed impact of t h e  s o l a r  
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plasma normal t o  t h e  d i p o l e  ax i s .  S a t i s f y i n g  t h e  boundary 

c o n d i t i o n  of zero normal component o f  t h e  n e t  magnetic f i e l d  

and assuming a c u r l  f r e e  magnetic r e g i o n  i n t e r i o r  t o  t h e  

magnetosphere leads t o  t h e  fo l lowing  v a l u e s  f o r  t h e  e x t e r n a l  

sou rces  : 
0 3 

= -0.277 (Re/Rb) gauss  e q u a l s  27.7 g a m m a s  a t  Rb = 10 Re 
G1 

4 
= 0.108 (R,/R~) G2 

gauss  e q u a l s  -1.1 gamma a t  R~ = 10 R~ 

A t  a l t i t u d e s  g r e a t e r  t han  5 Re t h e  c o n t r i b u t i o n  is l a r g e .  

For example a t  10 e a r t h  r a d i i  t h e  e x t e r n a l  f i e l d  c o n t r i b u t e s  

46 gammas while t h e  i n t e r n a l  f i e l d  c o n t r i b u t e s  o n l y  31 gammas. 

A t  5 Re t he  c o n t r i b u t i o n  of t h e  e x t e r n a l  f i e l d  is reduced 

t o  37 gammas whi le  t h e  i n t e r n a l  f i e l d  is i n c r e a s e d  t o  248 gammas. 

We see t h a t  i n  t h e  noon mer id ian  t h e  d i s t o r t i o n  is l a r g e ,  

approximately 15% a t  a d i s t a n c e  of 5 Re b u t  on t h e  midnight  

m e r i d i a n  t h e  s i t u a t i o n  is v a s t l y  d i f f e r e n t .  S a t e l l i t e s  are 

p r e s e n t l y  i n v e s t i g a t i n g  t h i s  p a r t i c u l a r  r eg ion  of  space  and 

t h e o r e t i c a l  p r e d i c t i o n s  and expe r imen ta l  ev idence  i n d i c a t e  

t h a t  t h e  e a r t h ' s  magnetic f i e l d  may t r a i l  o u t  f a r  i n t o  

i n t e r p l a n e t a r y  space  w e l l  beyond the  o r b i t  o f  t h e  moon i n  a 

f a s h i o n  analogous t o  t h e  s t r u c t u r e  of cometary t a i l s  i n  

i n t e r p l a n e t a r y  space ,  I n  conc lus ion ,  f o r  a c c u r a c i e s  of t h e  

geomagnetic f i e l d  r e p r e s e n t a t i o n  of s e v e r a l  p e r c e n t  one must 

r e s t r i c t  a l t i t u d e s  a t  p r e s e n t  t o  less than  abou t  4 Re and i n c l u d e  

e x t e r n a l  sou rces  f o r  greater a l t i t u d e s .  



- 13 - 

- *  

. 

I n t e r p l a n e t a r y  F i e l d  Representa t ion  

On t h e  assumption t h a t  

t h e  e f f l u x  of s o l a r  plasma f r o m  t h e  s u n  is r a d i a l l y  

outward a t  v e l o c i t y  Vs 

t h e  rate of s o l a r  r o t a t i o n  is 2 . 9  x 10 r a d i a n s  
-6 

p e r  second ( =.a 
assuming a photospher ic  magnetic f i e l d  s t r e n g t h  given 

by B i t  is p o s s i b l e ,  fo l lowing  P a r k e r ,  t o  p r e d i c t  

t h e  s t r e n g t h  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  as  

17 

0 

where a = r a d i u s  of sun 

r = h e l i o c e n t r i c  d i s t a n c e  

T h i s  t h e o r e t i c a l  model of t h e  i n t e r p l a n e t a r y  f i e l d  shows a 

c h a r a c t e r i s t i c  geomet r i ca l  c o n f i g u r a t i o n  i n  i n t e r p l a n e t a r y  

space  which resembles  t h e  c l a s s i c a l  Archimedean s p i r a l  i n  t h e  

e c l i p t i c  p l ane .  A r e p r e s e n t a t i o n  of  t h i s  s p i r a l  s t r u c t u r e  i n  

t h e  i n t e r p l a n e t a r y  f i e l d  is shown i n  F i g u r e  1 2 .  The f i x e d  

r o t a t i o n  ra te  of t h e  sun and high plasma v e l o c i t y  combine t o  

drag o u t  t h e  l i n e s  of magnetic f o r c e  by t h e  h i g h l y  i o n i z e d  

gases and leads t o  t h e s e  c h a r a c t e r i s t i c  s t r u c t u r e s .  I n  F igure  

13 t h e  t h e o r e t i c a l  angle, as measured i n  t h e  p l ane  of t h e  

e c l i p t i c , w h i c h  t h e  f i e l d  makes with a r a d i a l  l i n e  t o  t h e  sun 
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is shown a s  a func t ion  of  plasma v e l o c i t y .  I t  should  be 

no ted  t h a t  t h e  p a r t i c l e  d e n s i t y  h a s  no bea r ing  on t h e  d i r e c t i o n  

of t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  s t r e n g t h  n o r  its magnitude. 

I t  is seen t h a t  t h e  t h e o r e t i c a l  ang le  

- -  

is approximate ly  1 3 5 O  * 

nea r  t h e  o r b i t  of t h e  e a r t h .  

D i r e c t  measurements o f  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  

have been performed from t h e  IMP-1 s a t e l l i t e .  These measurements 

i n d i c a t e  a s t r i k i n g  cons i s t ency  wi th  t h e  t h e o r e t i c a l  model 

j u s t  d i scussed .  A sample of t h e  magnetic f i e l d  measurement i n  

i n t e r p l a n e t a r y  space  o b t a i n e d  on t h e  IMP-1 s a t e l l i t e  is shown 

i n  F igure  1 4 .  I t  is s e e n  t h a t  t h e  magnitude is  approximate ly  

5 gammas and t h a t  t h e  f i e l d  is reasonab ly  n e a r  t h e  p l a n e  of 

t h e  e c l i p t i c  and approximately a t  t h e  azimuthal  a n g l e  

t h e o r e t i c a l l y  p r e d i c t e d .  T h i s  ind ica tes ,  by e x t r a p o l a t i o n  t o  

t h e  s u r f a c e  of t h e  sun,  t h a t  f i e l d  magnitudes on t h e  order  of  

s e v e r a l  gauss  a t  l ea s t  are p r e s e n t ,  I t  a l so  means t h a t  f o r  

space  probes going inward toward t h e  sun  a g e n e r a l  i n c r e a s e  

i n  t h e  magnetic f i e l d  s t r e n g t h  should  be observed .  Unfor tunant ly  

t h e  one s a t e l l i t e  c a r r y i n g  magnetometers to  date which h a s  

i n v e s t i g a t e d  t h e  r e g i o n  of space  towards t h e  s u n ,  Mariner 11, 

w a s  contaminated by spacecraf t  magnetic f i e l d s  and d i d  n o t  a l low 

a c c u r a t e  measurements t o  be performed. 

Simulat ion of Magnetic F i e l d s  i n  SDace 

18 
- -  

The preceeding  d i s c u s s i o n  h a s  summarized o u r  p r e s e n t  know- 

l edge  of magnetic f i e l d s  i n  space  and p resen ted  a foundat ion  

upon which w e  can base o u t  requi rements  f o r  s i m u l a t i o n  of 
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I such magnetic f i e l d s .  The most common method employed i n  

- - t h e  p a s t  has  been t o  u t i l i z e  c i r c u l a r  c o i l s  of w i r e  c a r r y i n g  
* 

c u r r e n t s  t o  c r e a t e  a magnetic f i e l d  whose magnitude and 

d i r e c t i o n  can be c o n t r o l l e d .  The f i r s t  c o i l  s y s t e m  developed 

was due t o  Ampere and c o n s i s t e d  of a s i n g l e  c o i l  as 
0 

~ i l l u s t r a t e d  i n  F igure  15. I n  t h i s  ca se  t h e  a x i a l  component 

of t h e  magnetic f i e l d  is given by 

Two such c o i l  s y s t e m s  p laced  symmetically w i t h  r e s p e c t  t o  the  

o r i g i n  a t  2 B g i v e  
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=O 

I n  a d d i t i o n ,  i n  order t o  provide  a maximally homogeneous 

magnetic f i e l d  one would r e q u i r e  a minimum g r a d i e n t  of  t h e  

a c t u a l  component of t h e  magnetic f i e l d .  T h i s  is determined 

by s e t t i n g  t h e  second d e r i v a t i v e  of  t h e  f i e l d  wi th  r e s p e c t  t o  

Z equa l  t o  0 a s  shown below 

I n  o r d e r  t o  op t imize  t h e  t w o  c o i l  c o n f i g u r a t i o n  i t  is desirable 

t o  have a maximum f i e l d  o n  t h e  Z a x i s  fo r  a minimum c u r r e n t .  

T h i s  is obta ined  a n a l y t i c a l l y  by d i f f e r e n t i a t i n g  t h e  above 

fo rmula t ion ,  s e t t i n g  it  e q u a l  t o  0 and s o l v i n g  f o r  t h e  v a r i o u s  

v a l u e s  pe rmi t t ed :  

- 

c 

a z2 

N o w  c l e a r l y  a t  Z e q u a l s  0 t h e  f i e l d  is a maximum r e g a r d l e s s  of  

t h e  va lue  of B as long  as  t h e  l o c a t i o n  of t h e  t w o  c o i l s  is 

chosen t o  be symmetric. However,in order  t h a t  t h e  g r a d i e n t  t o  

be a minimum then  t h e  f i n a l  r e s u l t  of formula (6) is t h a t  4B = A 

or t h a t  A = 2B. T h i s  optimum c o i l  c o n f i g u r a t i o n  u t i l i z i n g  

2 2  
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t w o  c o i l s  w a s  developed by Helmholtz many y e a r s  ago and 

has become a s t a n d a r d  r e f e r e n c e  i n  t h e  s i m u l a t i o n  of magnetic 

f i e l d s  i n  space .  

~ - .  

Maximum uniform magnetic f i e l d s  u t i l i z i n g  m u l t i p l e  sets . 
~ of c o i l  p a i r s  r e l y  on t h e s e  t w o  p r i n c i p l e s :  

1. That p a i p s  of c o i l s  symmetr ical ly  l o c a t e d  w i t h  r e s p e c t  

t o  t h e  o r g i n  g i v e  maximum f i e l d s  and 

2 .  Minimum g r a d i e n t s  - i f  a p p r o p r i a t e l y  p o s i t i o n e d  (which 

can be determined by a n a l y t i c a l  i n v e s t i g a t i o n s )  . 
One can in t roduce  f o u r  c o i l s  w i t h  d i f f e r e n t  numbers of  windings on 

each  p a i r  of c o i l s  or v a r y  t h e  dis tances  and/or size of r a d i i .  

I n  g e n e r a l  t h e  homogeneity of the  magnetic f i e l d  is t h e  m o s t  

impor t an t  g o a l  s i n c e  symmetry q u i t e  e a s i l y  a c h i e v e s  t h e  

maximum f i e l d .  Indeed a f i g u r e  of m e r i t  can be d e f i n e d  which 

measures t h e  degree  of homogeneity as: 

( 7 )  
= % Homogeneity H(x ,y ,z )  [ H(O,O,O) 

100 I -  

. 
N o w  the  Helmholtz c o i l  provides  a homogeneity of f 1% 

t 

a long  t h e  a x i s  i f  t h e  a b s o l u t e  value of Z is l e s s  than  .32 A .  

I t  has  a maximum error of + 1% off t h e  a x i s  i f  t h e  a b s o l u t e  v a l u e  

of @?- is less than  .38  A .  I t  is s e e n  t h a t  t h e  r eg ion  

- 

of space  homogenous i n  magnitude to  1% is rough ly  a n  o b l a t e  
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s p h e r o i d  whose dimensions of p r i n c i p a l  axes  are g iven  by .32A, 

. 3 8 A ,  . 3 8 A .  

Now t h e  e a r t h ' s  magnetic f i e l d  is approximately 50,000 

gammas and one pe rcen t  of t h i s  is 500 gammas so t h a t  f o r  

i n t e r p l a n e t a r y  work one needs  a u n i f o r m i t y  much b e t t e r  t han  

one p e r c e n t .  

gamma over  a working r eg ion  of space  i m p l i e s  a requirement  of 

homogeneity of . O O l % .  For a Helmholtz c o i l  t h i s  i m p l i e s  a v e r y  

smal l  reg ion  of space and a l a r g e  c o i l  r a d i u s .  Indeed,  f o r  an  

homogeneity of 0.1% t h e  dimensions of t h e  r e g i o n  of space  are 

approximately one h a l f  t h e  dimensions f o r  1% accuracy ,  be ing  

.16A, .2A and .2A. For v a l u e s  of . O O l %  t h e  dimensions are 

.04A, .05A and .05A, s o  t h a t  i f  t h e  r a d i u s  of t h e  c o i l s  is 25 

f e e t  t hen  one has  a sphe re  of approximately 1 f o o t  r a d i u s  i n  

which t h e  f i e l d  is homogeneous t o  1 gamma. C l e a r l y  t h e  p r a c t i c a l  

l i m i n a t i o n s  of c o n s t r u c t i n g  such l a r g e  c o i l  s y s t e m s  r e q u i r e s  a 

r e -eva lua t ion  of t h e  u t i l i t y  of t h e  ve ry  s imple Helmholtz 

c o n f i g u r a t i o n .  I t  is found t h a t  by adding more c o i l s  bu t  u s i n g  

t h e  same p r i n c i p l e s  governing t h e  development of t h e  Helmholtz 

s y s t e m  one can r a p i d l y  improve upon t h e  s i t u a t i o n  f o r  t h e  

p r a c t i c a l  development of c o i l  s y s t e m s .  

I n  o r d e r  t o  provide  a homogeneity of one 

An i n t r i g u i n g  p o s s i b i l i t y  but  one which has  n o t  proven 

s u c c e s s f u l  i n  p r a c t i c a l  a p p l i c a t i o n s  is a v a i l a b l e  i n  what is 

r e f e r r e d  t o  as a " s i n e  winding" c o i l  s y s t e m .  I n  t h i s  geometry 

t h e  d e n s i t y  of t u r n s  p e r  u n i t  l e n g t h  a c t u a l l y  is h e l d  c o n s t a n t  
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while  t h e  c o i l  is con t inuous ly  wound on t h e ' s u r f a c e  of a sphe re .  

. .  T h i s  p rov ides  a comple te ly  uniform magnetic f i e l d  i n t e r i o r  . 
t o  t h e  s p h e r i c a l  s u r f a c e .  

is n o t  r easonab ly  p r a c t i c a l  when c o n s i d e r a t i o n  of access t o  

t h e  c o i l  s y s t e m  is made. 

Unfor tuna te ly  such a c o n f i g u r a t i o n  

The g e n e r a l  approach is to develop hybr id .  c o i l  systems 

u t i l i z i n g  m u l t i p l e  p a i r s  of c o i l s  and employ a n a l y t i c a l  

p rocedures  t o  determine optimum c o i l  c o n s t a n t s  and c o n f i g u r a t i o n s .  

One b e g i n s  by u s i n g  c i r c u l a r  c o o r d i n a t e s  and e x p r e s s i n g  t h e  

p o t e n t i a l  V i n  c y l i n d r i c a l  harmonics and then  de termining  t h e  

a p p r o p r i a t e  t u r n s  a n d . c u r r e n t  va lues .  The important  c o n s i d e r a t i o n s  
19 

i n  t h e  development of such c o i l  systems are: 

1. The d i f f i c u l t y  i n  implementing t h e  c o i l  manufacture ,  

which h a s  l e a d  t o  c o n s i d e r a t i o n  i n  s o m e  i n s t a n c e s  

of squa re  co i l  sys tems,  

2.  Cur ren t  s t a b i l i t y  and c u r r e n t  ra t ios  r e q u i r e d ,  which 

h a s  lead t o  c o n s t a n t  c u r r e n t  bu t  s e p a r a t e  t u r n s  

ratics for c o i l  p a i r s  rather t h e n  a t t e m p t i n g  t o  develop  

p r e c i s e  c u r r e n t  d i v i d e r s  u t i l i z i n g  r e s i s t i v e  r a t io s  

on ly ;  
* 

3. The a c c e s s i b i l i t y  fo r  va r ious  geomet r i e s ,  which h a s  lead 

t o  t h e  development of cubic  and squa re  c o i l  systems and . 
4.  The a n a l y t i c a l  d i f f i c u l t i e s  i n  deve loping  optimum c o i l  

sys tems,  which have l e a d  s t u d e n t s  of co i l  geometries 

t o  c o n s i d e r  mainly e q u a l  amp t e r m s  or  se ts  of c o i l s  
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which l i e  on t h e  s u r f a c e  of a sphe re  but  a t  

d i f f e r e n t  d i s t a n c e s  .ang t h e  a x i s  of t h e  s y s t e m .  

A summary of some e x i s t i n g  c o i l  systems and t h e i r  f i g u r e  

of  m e r i t s  i s  shown i n  Table  I .  

. .  

Summary of Some E x i s t i n g  Optimum C o i l  Systems 
volume of 

Name Dimensions Homogeneity (0.1%) Turns r a t i o  

C i r c u l a r  Helmholtz 
20 

Fanse lau  

21 
Braun bek 

22 
McKeehan 

19 
Square Helmholtz 

4 C o i l  Cubic 
19 

19 
5 C o i l  Cubic 

b = 0 , 5 a  0.9% 

14% 

22% 

22% 

b = 0.55a 1% 

b = -I: .33a ,  +a 0.8% 

b = 0 ,  +, .Sa ,  +a 2.2% 

TABLE I 

1:l 

e q u a l  amp 
t u r n s  

I? l t  

on s u r f a c e  
of sphe re  

1:l 

46: 43: 43: 46 

134:44:66:44:134 

P r e s e n t l y  t h e  Goddard Space F l i g h t  Cen te r  is f a b r i c a t i n g  a 

25 f o o t  Braunbek c o i l  s y s t e m  i n  which t h r e e  s e p a r a t e  sets of 

such c o i l s  a r e  employed f o r  t h r e e  a x i s  c a n c e l l a t i o n  of t h e  

e a r t h ' s  m a g n e t i c  f i e l d . ;  The s p e c i f i c  parameters  of t h e  GSFC 

f a c i l i t y  a r e ;  

1. t h e  d iameter  of t h e  smaller c o i l  is .76388 of t h e  

l a r g e r ,  

2 .  the s e p a r a t i o n  of t h e  smaller is .84565 of t h e  l a r g e r  
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diameter, and 

. -  
. 

3. t h e  s e p a r a t i o n  of t h e  l a r g e r  c o i l s  is .27803 of  t h e  

larger diameter, and 

4.  The real  diameter of t h e  c o i l  sys tems are: 

(a) t h e  v e r t i c a l  is 22 feet ,  

(b) t h e  h o r i z o n a l  east-west magne t i ca l ly  o r i e n t e d  

is 18 f e e t  and 

(c) t h e  h o r i z o n a l  north-south magnetic is 16 f e e t .  

The o r i e n t a t i o n  of t h e  geomagnetic f i e l d  a t  t h e  Goddard 

f a c i l i t y  is such  t h a t  a larger c o i l  system is r e q u i r e d  f o r  t h e  

v e r t i c a l  componeAit s i n c e  i t  is the largest  i n  magnitude, whi le  

t h e  remaining c o i l  s y s t e m s  are chosen t o  be compatible  wi th  

p r a c t i c a l  implementation of an i n t e r  laced se t  of such co i l s .  

In  F i g u r e  16 is shown a p i c t u r e  of a model of t h e  GSFC c o i l  

system. The co i l  c o n s t a n t  is 15.4 gammas p e r  mi l l iamp and t h e r e  a re  

36 t u r n s  of number 6 copper w i r e  on each  c o i l .  The performance 

of t h e  Braunbek c o i l  system is seen ,by  rev iew of t h e  

c h a r a c t e r i s t i c s  of Table  I ,  t o  be e q u i v a l e n t  to a McKeehan and 

t o  have t h e  a d d i t i o n a l  m e r i t  that  e q u a l  amp t u r n s  on each  c o i l  

system are r e q u i r e d ,  whereas t h e  o t h e r  r e q u i r e s  d i f f e r e n t  c u r r e n t s  

i n  each  of t h e  co i l s .  The measured performance of t h e  Goddard 

.- 

--. 
f a c i l i t y  p rov ides  a homogeneity of .OOl% i n  a 1 m e t e r  d iameter  

sphe re  wi th  a n  accuracy  of 2 0.5 gamma and a r e s o l u t i o n  of 0.1 
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An imphrtant a s p e c t  of such c o i l  s y s t e m s  is t h a t  t hey  

be capab le  of being se rvo  c o n t r o l l e d  t o  s imula t e  a s t a t i o n a r y  

weak magnetic f i e l d  i n  s p i t e  of t he  f a c t  t h a t  t h e  e a r t h ' s  

magnetic f i e l d  v a r i e s  a s  a f u n c t i o n  of t i m e .  A secondary set  

of c o i l s  i s  a s s o c i a t e d  w i t h  t h i s  c o i l  f a c i l i t y  and is used 

t o  monitor  t h e  v a r i a t i o n s  of t h e  geomagnetic f i e l d .  The 

s t a b i l i t y  of t h e  c o i l  system is approximate ly  1 /2  t o  1 gamma and 

t h e  c a n c e l l a t i o n  of t he  e a r t h ' s  magnetic f i e l d  can t h u s  be 

automatically c o n t r o l l e d .  The Goddard f a c i l i t y  is not  ye t  

comple te ly  o p e r a t i o n a l  a l though s e n s i b l e  measurements have been 

made u t i l i z i n g  t h e  c o i l  systems.  The completed system 1s sLheduled 

f o r  March 1965. A s  such i t  w i l l  be t h e  l a r g e s t  and most a c c u r a t e  

f a c i l i t y  i n  t h e  world.  

Spacec ra f t  App l i ca t ions  

The most important  a p p l i c a t i o n  of any c o i l  s y s t e m  is i ts  

a b i l i t y  t o  s imula t e  magnetic f i e l d s  which r e p r e s e n t  t hose  t o  be 

measured i n  space f o r  c a l i b r a t i o n  of magnetometer s e n s o r s .  A 

secondary o b j e c t i v e  is t o  permit  t h e  mapping magne t i ca l ly  of t h e  

i n h e r e n t  magnetic p r o p e r t i e s  of s p a c e c r a f t  and s p a c e c r a f t  sub-  

s y s t e m s  whose magnetic f i e l d s  may y i e l d  adverse e f f e c t s  on t h e  

d a t a  c o l l e c t e d .  The fo l lowing  paragraphs  summarize b r i e f l y  

the  s p e c i f i c  a p p l i c a t i o n s  of t h e  knowledge of t h e  e a r t h ' s  

magnetic f i e l d  and its i n t e r a c t i o n  wi th  s a t e l l i t e s  which 

have developed over the  p a s t  s e v e r a l  y e a r s .  
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Vanguard I - Spin Decay 

The Vanguard I s a t e l l i t e  provided a unique example for  

i n v e s t i g a t i n n  of t h e  e l e c t r o  magnetic i n t e r a c t i o n  of a s p i n  

s tabi l ized sa t e l l i t e  wi th  t h e  e a r t h ' s  magnetic f i e l d  over  a l o n g  

t i m e  sca le .  The basic phys ic s  involved is based upon t h e  f a c t  

t h a t  a r o t a t i n g  s p h e r e  i n  a magnetic f i e l d  w i l l  induce eddy c u r r e n t s  

i n  a f a s h i o n  such as t o  g e n e r a t e  c u r r e n t s  whose magnetic f i e l d s  

n o t  o n l y  oppose t h e  s p i n , b u t  whose c u r r e n t s  lead t o  d i s s i p a t i o n  

of K i n e t i c  energy .  On t h e  assumption t h a t  t h e  electro magnet ic  

r e a d j u s t m e n t s , a s  t h e  s p i n  ax is  changes i n c l i n a t i o n  wi th  r e s p e c t  

t o  t h e  magnetic f i e l d , o c c u r  a t  a r a t e  much greater than  t h e  

mechanical r ead jus tmen t s ,  t h e  t h e o r e t i c a l  development and expla-  

nation of  t h e  Vanguard I s p i n  r a t e  decay c a n  be unders tood .  

The first i n v e s t i g a t i o n  w a s  conducted by J. P .  V i n t i  assuming 

a s p h e r i c a l  s h e l l  of uniform conduc t iv i ty  and non-magnetic 

material. The c h a r a c t e r i s t i c  summary of t h e  r e s u l t s  is t h a t  

t h e  induced eddy c u r r e n t s  create a to rque  on t h e  sp inn ing  

s a t e l l i t e  p r o p o r t i o n a l  to  t h e  inertial  moment of t h e  sa te l l i t e ,  

and t h e  angu la r  s p i n  rate and t h e  magnetic f i e l d  s t r e n g t h  squared  

as shown i n  t h e  formulae below: 

- a -  
Torque Q I ( o x B ) x %  

where I is t h e  angu la r  moment of i n e r t i a  
w is t h e  angu la r  v e l o c i t y  

B is t h e  magnetic f i e l d  vec tor  
A 
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The n e t  r e s u l t  o f  t h e  t o r q u e  can be s e p a r a t e d  i n t o  a s p i n  

decay which IS p r o p o r t i o n a l  t o  t h e  angu la r  s p i n  r a t e  and its 

product  with t h e  magnetic f i e l d  pe rpend icu la r  t o  t h e  

s p i n  r a t e  a s  showd i n  t h e  fo l lowing  formula:  

L(decay) a o B** 

S i m i l a r l y  t h e  p recess ion  t o r q u e  is (9) 

L (precession) a o EL B I I 

The Vanguard I s a t e l l i t e  w a s  launched March 17 ,  1958 i n t o  

a n  o r b i t  w i t h  e l e v a t i o n s  between 650 

e a r t h ' s  magnetic f i e l d  w a s  approximately 40 t o  30 thousand 

t o  3,900 Km a t  which the  

gammas. The s p i n  decay s t u d i e s  i n d i c a t e d  t h e  s a t e l l i t e  slowed 
2 4  

down from an i n i t i a l  r a t e  of  3.0 r p s  t o  0.05 r p s  i n  2 . 5  y e a r s .  

These measurements w e r e  performed by i n v e s t i g a t i o n  of t h e  p e r i o d i c  

f a d i n g  of radio s i g n a l s  a s s o c i a t e d  wi th  t h e  an tenna  p a t t e r n  of 

t h e  s a t e l l i t e .  The f i r s t  anomaly w a s  detected i n  December 1958 

and a r a p i d  e v a l u a t i o n  of t h e o r e t i c a l  models which go back t o  

Hans Her tz  i n  1896 i n d i c a t e d  t h a t  c l a s s i c a l  EM t h e o r y  could  

e x p l a i n  the  observed anomaly. 

I n j u n  I11 Pass ive  Magnetic O r i e n t a t i o n  

The motions of charged p a r t i c l e s  t r apped  i n  t h e  e a r t h ' s  

magnet ic  f i e l d  are g e n e r a l l y  h e l i c a l  s p i r a l s  about  f i e l d  l i n e s  

w i t h  a s s o c i a t e d  d r i f t  of e l e c t r o n s  east  and p r o t o n s  w e s t  due 

- .  
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t o  t h e  s p a t i a l  g r a d i e n t  o f  t h e  e a r t h ' s  magnetic f ield. ,  The 

- 2  p a r t i c l e s  "bounce" back and f o r t h  a long  

a l i n e  of force be tween t h e i r  "mirror" p o i n t s .  The a n g l e  t h a t  

t h e  s p i r a l  makes wi th  t h e  f i e l d  l i n e s  is cal led t h e  p i t c h  a n g l e  and 

and is a n  impor tan t  parameter  t o  be measured i n  charged 
* 

p a r t i c l e  i n v e s t i g a t i o n s  i n  space .  S ince  it is known t h a t  t h e  

f i rs t  a d i a b a t i c  i n v a r i a n t  of p a r t i c l e  motion is p rese rved  then  

measuring t h e  p i t c h  ang le  d i s t r i b u t i o n  of t h e  p a r t i c l e s  a t  a 

p o i n t  i n  space  p r e d i c t s  t h e  p a r t i c l e  f l u x  c h a r a c t e r i s t i c s  a long  

t h a t  l i n e  of f o r c e .  The v a r i a t i o n  i n  p i t c h  a n g l e  is shown by t h e  

fo l lowing  formula i n  which ;Bo is t h e  f i e l d  s t r e n g t h  when CY = Oo 

and B is t h e  f i e l d  s t r e n g t h  a t  t h e  mirror p o i n t  when a = 90°. 
m 

Bo = 8, sin 2 agOo 

and i n  g e n e r a l  
2 Bo sin a =- B 

I n  o r d e r  t o  s e p a r a t e  by d i r e c t  detector a n a l y s i s  t h e  p i t c h  

a n g l e  d i s t r i b u t i o n  r e q u i r e s  unique i n s t r u m e n t a t i o n .  An ingeneous 

_ a  sugges t ion  h a s  r e s o l v e d  t h i s  d i f f i c u l t y  by p l a c i n g  a bar magnetic 
25 

i n  t h e  s p i n  s t a b i l i z a t e d  s p a c e c r a f t  I n j u n  I11 so t h a t  t h e  

s a t e l l i t e  s p i n  ax i s  becomes p a r a l l e l  t o  t h e  loca l  magnetic f i e l d ,  
- *  

R e c a l l i n g  t h e  r e s u l t s  of t h e  prev ious  d i s c u s s i o n  on Vanguard I ,  

it is found t h a t  bo th  t h e  decay and t h e  p r e c e s s i o n  to rques  are 
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z e r o  for p e r f e c t  a l ignment  of t h e  magnet ic  v e c t o r  and s p i n  

v e c t o r  of t h e  s a t e l l i t e .  I n  t h e  I n j u n  I11 sa t e l l i t e  an  

Alnico-V magnet 22 inches  l o n g  and 1 inch  s q u a r e  w a s  employed 

and permalloy rods pe rpend icu la r  t o  t h e  s p i n  axes w e r e  

employed t o  damp t h e  p e r i o d i c  motion induced by t h e  v a r i a b l e  

a s p e c t  t o  the ear th ' s  magnetic f i e l d .  The In jun  I11 

s a t e l l i t e  was launched December 13, 1962 and achieved  an  

apogee of 2787 Km. and a p e r i g e e  of 237 Km. The n a t u r a l  

p e r i o d  of t h i s  s a t e l l i t e  w a s  approximate ly  t w o  minutes  

and t h e  s a t e l l i t e  damped t o  be ing  almost p e r f e c t l y  a l i g n e d  

wi th  t h e  e a r t h ' s  magnetic f i e l d  i n  approximate ly  three days.  

The success  of t h i s  p a r t i c u l a r  p a s s i v e  o r i e n t a t i o n  dev ice  

w a s  checked by onboard magnetometers measuring t h e  magnetic 

f i e l d  pe rpend icu la r  t o  t h e  s p i n  a x i s  of  t h e  s a t e l l i t e .  

Tiros-Act ive A t t i t u d e  Con t ro l  System 

The T i r o s  wheel s a t e l l i t e ,  number 9 ,  w i l l  be launched i n t o  

a c i r c u l a r  o r b i t  of 13,000 Km w i t h  a unique a c t i v e  a t t i t u d e  

c o n t r o l  s y s t e m  u t i l i z i n g  t h e  p r i n c i p l e s  a l r e a d y  d i scussed .  I t  

w i l l  be placed inrto a nea r  p o l a r  o r b i t  w i t h  t h e  s p i n  a x i s  

pe rpend icu la r  t o  t h e  o r b i t a l  p lane  and sun synchronized so 

t h a t  t h e  p recess ion  of  t h e  o r b i t a l  p l a n e  due t o  t h e  ear th ' s  

e q u a t o r i a l  bu lge  w i l l  ma in ta in  the  s a t e l l i t e  i n  a solar  

o r i e n t a t i o n  s o  t h a t  a c o n s t a n t  i l l u m i n a t i o n  of t h e  observed 

e a r t h ' s  s u r f a c e  is main ta ined .  The magnetic a s p e c t  con t ro l  

sys tem (MASC) w i l l  keep t h e  s p i n  w i t h i n  its p rope r  l i m i t s  and 

t h e  q u a r t e r  o rb i t  magnetic a t t i t u d e  c o n t r o l  system (QOMAC) w i l l  keep 
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t h e  s p i n  a x i s  perpendicular  t o  t h e  o r b i t a l  p l ane .  These 

s y s t e m s  are i l l u s t r a t e d  i n  f i g u r e  17 with r e s p e c t  t o  o r i e n t a t i o n  

t o  t h e  sa te l l i t e  s p i n  a x i s  

.~ 
c 

. -  
The need f o r  such c u r r e n t  c a r r y i n g  c o i l  s y s t e m s  w a s  no t  . 26 

recognized  u n t i l  a f t e r  T i r o s  I. On success ive  T i r o s ,  numbers 

I1 through V I I I ,  t h e  nagne t i c  a t t i t u d e  c o n t r o l  s y s t e m  was 

u t i l i z e d  mainly t o  provide proper  c a n c e l l a t i o n  of t h e  sa te l l i tes  

magnet ic  f i e l d  so t h a t  s p i n  torques on t h e  s a t e l l i t e  w e r e  

n e g l i g i b l e .  I t  is p o s s i b l e  t o  al ter t h e  p o l a r i t y  of t h e  space- 

c r a f t  d i p o l e  moment by t h e s e  c o i l  sys tems and indeed t h e  

magnet ic  p r o p e r t i e s  of t h e  satell i te a r e  planned t o  be c a n c e l l e d  

con t inous ly  by these  a t t i t u d e  systems.  

SUMMARY 

The above d i s c u s s i o n  hfas been v e r y  b r i e f  bu t  i l l u s t r a t e s  

t h e  u t i l i z a t i o n  of t h e  e a r t h ' s  magnetic f i e l d  i n  a t t i t u d e  

c o n t r o l  s y s t e m s  going  from s t r i c t l y  i n t e r a c t i o n  t o  h igh ly  

s o p h i s t i c a t e d  computer grogrammed a c t i v e  a t t i t u d e  sys t ems .  The 

n e c e s s i t y  f o r  v e r i f y i n g  t h e  ope ra t ion  of such s y s t e m s  is clear 

and t h e  u t i l i z a t i o n  of l a r g e  c o i l  f a c i z i t i e s  f o r  a t t i t u d e  s t u d i e s  

such as  t h a t  being f a b r i c a t e d  a t  GSW is c l e a r l y  i n d i c a t e d .  
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f i e l d .  P r i o r  t o  t h e  launch  of t h e  IMP-I s p a c e c r a f t  no 

a c c u r a t e  and p r e c i s e  measurements of t h e  i n t e r p l a n e t a r y  f i e l d  

had been performed due t o  va r ious  l i m i t a t i o n s  as  i n d i c a t e d  i n  

t h e  t a b u l a r  summary under t h e  heading "comments". 
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f i e l d  from 4 t o  12 .5  Re. The o b s e r v a t i o n s  are ind ica t ed  by 

s o l i d  do t s  connected by s t r a i g h t  l i n e  segments ,  t h e  

t h e o r e t i c a l  v a l u e s  i n d i c a t e d  by s o l i d  l i n e s  and i n t e r p r e t e d  

f i t  assuming a c o n s t a n t  f i e l d  i n d i c a t e d  by t h e  dashed l i n e .  

5. R e s u l t s  of t h e  traversal  of t h e  magnetosphere boundary by 

IMP-I on inbound o r b i t  p a s s  N o .  1. Observed v a l u e s  are 

i n d i c a t e d  by open and c l o s e d  c i r c l e s  connected by s t r a i g h t  

l i n e  segments a s  provided by both the rubidium vapor magne- 

tometer and the  f l u x g a t e  magnetometers carr ied onboard t h e  

s a t e l l i t e .  The dashed c u r v e s  r e p r e s e n t  t h e  theoret ical  

magnetic f i e l d  e x t r a p o l a t e d  from te r res t r ia l  s u r f a c e  

measurements. A t  these d i s t a n c e s  t h e  o n l y  c o n t r i b u t i n g  

f a c t o r  i n  t h e  m u l t i m  expansion of t h e  ea r th ' s  f i e l d  is 

t h e  d i p o l e  moment of t h e  ear th .  The a b r u p t  t r a n s i t i o n  a t  

10.7 Re i d e n t i f i e d  as t h e  boundary of t h e  magnetosphere,  t h e  

magnetopause . 
6 .  Naive r e p r e s e n t a t i o n  of t he  i n t e r a c t i o n  of t h e  solar plasma 

w i t h  the  geomagnetic f i e l d .  Di rec t  impact of t h e  plasma 

w i t h  the  magnet ic  f i e l d  is shown as  be ing  s p e c u l a r l y  

r e f l e c t e d  from the  geomagnetic boundary. The d i s t a n c e  t o  

the boundary a t  t h e  s u b s o l a r  p o i n t  is g iven  by: 

R = R  
m e 

. .  
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where Re is t h e  r a d i u s  of t h e  e a r t h ,  Bo is t h e  e q u a t o r i a l  

magnet ic  f i e l d  s t r e n g t h  and V, t h e  v e l o c i t y  of t h e  s o l a r  

plasma with d e n s i t y  n p/cm . 
T h e o r e t i c a l  size of t h e  magnetosphere a t  t h e  s u b s o l a r  p o i n t  

assuming normal impact of t h e  solar plasma on t h e  geomagnetic 

f i e l d .  

s t a g n a t i o n  p o i n t ,  and assumed v e l o c i t y  of 400 km/sec 

t h e  deduced e q u i v a l e n t  plasma d e n s i t y  is 2 p ro tons  p e r  cub ic  

c e n t  i m e  ter . 
Summary Pre-IW-1 i l l u s t r a t i o n  of  t h e  conf ined  geomagnetic 

f i e l d  of t h e  e a r t h  and t h e  l o c a t i o n  of t h e  r a d i a t i o n  belts. 

The f low of s o l a r  plasma is taken t o  be d i r e c t l y  f r o m  t h e  

sun and t h e  t r a c e  of t h e  Explorer  X t r a j e c t o r y  is shown 

on t h e  magnetic mer id ian  p l a n e .  

The r e s u l t s  of t h e  magnetic f i e l d  experiment  carried on t h e  

IMP-I s p a c e c r a f t  from o r b i t  No. 15, January  21,  1964. These 

d a t a  i l l u s t r a t e  t h e  outbound c rave r sa l  of t h e  magnetosphere 

boundary a t  15.7 Re and the  c o l l i s i o n l e s s  magnetohydrodynamic 

shock wave a t  22.7 Re, wi th  a p o s s i b l e  p r e c u r s e r  o c c u r r i n g  

a t  24.5 Re. 

Alfven magnetohydrodynamic phase v e l o c i t y  of wave propagat ion  

a s  a f u n c t i o n  of magnetic f i e l d  s t r e n g t h  and plasma d e n s i t y .  

3 

For a magnetosphere of s i z e  10.7 Re a t  t h e  

Represen ta t ive  v a l u e s  f o r  the i n t e r p l a n e t a r y  medium are chosen 

i n  t h i s  diagram. 

- -  
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11 0 

12.  

13. 

14 .  

Comparison of t h e  observed p o s i t i o n s  of t h e  boundary of t he  

magnetosphere and shock wave as  shown by s o l i d  d o t s  w i t h  

the  t h e o r e t i c a l  p o s i t i o n s  accord ing  t o  t h e  computat ions of 

S p r e i t e r  and Jones (1963) adjusted for  a d i f f e r e n t  gas 

dynamic spec i f i c  heat c a p a c i t y  r a t i o .  Very good agreement 

c 

, 

is obta ined  w i t h  t h i s  m o d i f i c a t i o n  of t h e i r  t r e a t m e n t  and an  

a b e r r a t i o n  by 5 t o  accommodate t h e  helk3centr iC o r b i t a l  motion 

of t h e  e a r t h  around t h e  sun. The d i s t a n c e  t o  t h e  magnetosphere 

boundary a t  t h e  s u b s o l a r  p o i n t  is 10.25 Re and t h e  d i s t a n c e  

t o  t h e  shock wave boundary is 13 .4  R 

Schematic i l l u s t r a t i o n  of the  s p i r a l  i n t e r p l a n e t a r y  magnetic 

f i e l d  as ob ta ined  b y  assuming a U n i f o r m l y  

i n f i n i t e l y  conduct ing s o l a r  corona.  The topology of t h e  

i n t e r p l a n e t a r y  magnetic f i e l d  changes s i g n i f i c a n t l y  a s  t h e  

v e l o c i t y  of t h e  plasma i n c r e a s e s .  A t  h igh  v e l o c i t i e s  t h e  

f i e l d  l i n e s  are r a d i a l l y  d i r e c t e d ,  p a r a l l e l i n g  t h e  f low f i e l d  

from t h e  s u n ,  while f o r  v e r y  l o w  v e l o c i t i e s  t h e  f i e l d  l i n e s  

are t i g h t l y  wound i n  a Archemedian s p i r a l  c o n f i g u r a t i o n  

a s  shown on t h e  l e f t  hand side. 

T h e o r e t i c a l  d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  

a s  measured by t h e  az imutha l  ang le  @ i n  t h e  p l ane  of t h e  - 
e c l i p t i c  as a f u n c t i o n  of t h e  s o l a r  wind v e l o c i t y  Vs. 

Represen ta t ive  measurements of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  from IMP-I dur ing  o r b i t  15, January 22,  1964. These 

d a t a  f o l l o w  immediately a f t e r  t h o s e  of F igu re  9 and i n d i c a t e  

t h e  c h a r a c t e r i s t i c  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  

magnitude and v a r i a b i l i t y  of t h e  d i r e c t i o n .  

0 

e 

expanding, 

- v  
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15. Geometry and r e l a t i v e  s c a l e  of t h e  Ampere c o i l  and Helmholtz 

. co i l  c o n f i g u r a t i o n s  u t i l i z e d  t o  n u l l i f y  t h e  e a r t h ’ s  magnetic 

f i e l d  i n  space  s imula t ion .  The Z a x i s  of t h e  c o i l  s y s t e m  

is normal t o  t h e  p lane  of t h e  c o i l s .  
. 

16. Model of t h e  Goddard Space F l i g h t  Cen te r ,  Magnetic F i e l d s  

component test  f a c i l i t y  l oca t ed  a g j a c e n t  t o  t h e  l a b o r a t o r y  

i n  G r e e n b e l t ,  Md. This  l a r g e  s c a l e  c o i l  f a c i l i t y  w i l l  be 

u t i l i z e d  f o r  c a l i b r a t i o n  of magnetometer s e n s o r s  and mapping 

of magnet ic  f i e l d  p r o p e r t i e s  of s p a c e c r a f t  and subsystems. 

17. Schematic i l l u s t r a t i o n  of t h e  T i r o s  wheel  s a t e l l i t e  

geomet ica l  c o n f i g u r a t i o n  of c o i l  s y s t e m s  employed t o  c o n t r o l  

t h e  a s p e c t  and a t t i t u d e  of t h e  sa te l l i te .  E l e c t r i c a l  c u r r e n t s  

can f low i n  ei ther p o l a r i t y  on t h e  co i l s  as  i n d i c a t e d  under 
ground computer c o n t r o l ,  
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